Isoflavonoids are a diverse group of biologically active natural products that accumulate in soybean seeds during development. The majority of isoflavonoids are accumulated in the form of their glyco-and malonylconjugates in soybean seeds. The conjugation step confers stability and solubility to isoflavone aglycones enabling their compartmentalization to vacuoles or transport to the site of accumulation. A functional genomic approach was used to identify isoflavonoid specific glycosyltransferase (UGT) and malonyltransferase (MT) from soybean (Glycine max) seeds. An expressed sequence tag database for soybean was searched by key words to make a list of candidate genes. The full-length cDNAs for candidate UGTs and MTs were obtained and cloned into an expression vector for the production of recombinant enzymes. The in vitro enzymatic activity assays were conducted for recombinant UGTs and MTs using uridine diphosphate glucose and malonyl CoA, respectively, as donors with isoflavone substrates. Among several recombinant enzymes, UGT73F2 showed glycosylation activity towards all three soybean isoflavone aglycones and GmMT7 exhibited malonylation activity towards isoflavone glycosides. The subcellular localization study revealed both UGT73F2 and GmMT7 to be in the cytoplasm. The transcripts and protein accumulation patterns for UGT73F2 and GmMT7 genes have provided further support for their in planta function.
Introduction
Isoflavonoids are a group of secondary metabolites derived from the phenylpropanoid pathway. They are found predominantly in soybeans and other leguminous plants and are associated with a wide array of biological activities. Isoflavonoids play an important function as signal molecules for the induction of nod genes during symbiosis between legumes and rhizobia (Phillips, 1992; Ferguson and Mathesius, 2003) and also serve as precursors for the production of phytoalexins during plant microbe interactions (Aoki et al., 2000; Dixon and Ferreria, 2002) . Clinical studies have suggested a positive effect of isoflavonoids in human health and nutrition, such as a reduction in the risks of hormonally dependent cancers, menopausal symptoms, osteoporosis, and cardiovascular disease (Messina and Barnes, 1991; Civitelli, 1997; Cornwell et al., 2004; Dixon, 2004) . Due to these health-related benefits associated with isoflavonoids, there is great interest in soybean-based foods and purified soybean isoflavonoids as neutraceuticals. Since isoflavonoids have estrogenous activity, the presence of these compounds in some foods such as soy-based infant formulas may not be advantageous (Setchell et al., 1997) . Recently, the isoflavonoid content of soybean seed has been a critical consideration in breeding programmes for developing soybean cultivars with specific levels of isoflavonoids that meets the requirements of different age groups.
Isoflavonoids are synthesized as a branch of the phenylpropanoid pathway. The isoflavone skeleton originates from the central flavanone intermediate naringenin and liquiritigenin. Naringenin is a product of chalcone isomerase and it is the core metabolite that leads to the production of anthocyanins, condensed tannins, flavones, and various other compounds; it is ubiquitously present in all plant species. In legumes, a branch point enzyme 2-hydroxyisoflavanone synthase (IFS), introduces the isoflavonoid biosynthetic pathway. Soybean possesses two IFS enzymes, IFS1 and IFS2, that catalyse a 2,3 aryl migration of flavanones to their corresponding isoflavone aglycones (Heller and Forkmann, 1994; Steele et al., 1999; Dhaubhadel et al., 2003) . Soybean seeds contain three major isoflavone aglycones (daidzein, glycitein, and genistein) which may also be present as the corresponding 7-O-glycosides (daidzin, glycitin, and genistin); and malonyl glycosides (6$-O-malonylgenistin, 6$-O-malonyldaidzin, and 6$-O-malonylglycitin) (Kudou et al., 1991) . Malonyl glycosides are thermally unstable during the processing of soybeans and soy foods and can be decarboxylated to produce acetyl glycosides (6$-O-acetylgenistin, 6$-O-acetyldaidzin, and 6$-O-acetylglycitin) (Griffith and Collison, 2001) . In general, conjugation of glycosyl-and malonyl-groups to the aglycones provides the metabolites with increased water solubility and reduced chemical reactivity, ensuring their improved in vivo stability and altered biological activity (Jones and Vogt, 2001) . Enzymes catalysing the conjugation processes belong to the group of transferases; uridine diphosphate glycosyltransferases (UGTs) for glycosylation and malonyltransferases (MTs) for malonylations. Glycosylation involves a UGT-catalysed transfer of a nucleotide diphosphate-activated sugar molecule to the acceptor aglycone (Vogt and Jones, 2000) . UGTs constitute a superfamily of enzymes that catalyse conjugation of sugar moieties to proteins, lipids, oligosaccharides, and secondary metabolites. There are more than 12 000 glycosyltransferase encoding sequences in CAZy database (http://www.cazy.org/). Glycosylation is the final step in flavonoid biosynthesis in many plants (Heller and Forkmann, 1994) . It reduces the cytotoxic effects of high levels of flavonols into less reactive forms (Pollak et al., 1993) . In soybean, following the process of glycosylation, the isoflavone glycosides are further converted into their respective malonyl derivatives, as shown in Fig. 1 . Malonylation involves a regiospecific malonyl group transfer from malonyl-CoA to the glycosyl moiety of the glycosides. Presumably, this process further enhances the metabolite solubility, protects glycosides from enzymatic degradation by glycosidases, and helps in their intracellular transport (Heller and Forkmann, 1994) . Malonylation of anthocyanins has been studied in several plant species and diverse functional activities have been proposed for this chemical modification (Suzuki et al., 2003; D'Auria et al., 2007; Luo et al., 2007) . The involvement of glycosyltransferase (Köster and Barz, 1981) and malonyltransferase (Köster et al., 1984) in isoflavonoid biosynthesis was demonstrated over two decades ago by using purified enzymes from roots of chick pea (Cicer arietinum L.). Despite the long-standing biochemical interest in these enzymes and their role in isoflavonoid biosynthesis, not much is known about the corresponding genes.
The purpose of this study was to identify and characterize isoflavonoid-specific UGT and MT from soybean seeds, and demonstrate their specificity towards isoflavonoids. A functional genomics approach based upon the analysis of expressed sequence tag (EST) data was undertaken, since this has been shown to be a powerful tool for initiating gene discovery in natural product pathways (Richman et al., 2005; Modolo et al., 2007) . Several candidate UGTs and MTs were identified from sequence databases, isolated, and expressed in heterologous systems for recombinant protein production. The enzymatic activity of the recombinant proteins towards isoflavonoid substrates was tested by functional assays. This resulted in the identification of soybean glycosyltransferase (UGT73F2) able to glycosylate isoflavone aglycones to glycosides; and a malonyltransferase (GmMT7) able to malonylate isoflavone glycosides to malonyl-glycosides. The characterization of these enzymes, their subcellular localizations, and their transcript Fig. 1 . The last two steps in the biosynthesis of isoflavone conjugates in soybean. Isoflavone aglycones (daidzein, genistein or glycitein) undergo a glycosylation reaction at its 7-O position catalysed by a glycosyltransferase to produce isoflavone-glyco conjugates (daidzin, genistin, or glycitin), which subsequently undergo a malonylation at 6$ position catalysed by a malonyltransferase, leading to the production of isoflavone malonyl glycosides (6$-O-malonylgenistin, 6$-O-malonyldaidzin, and 6$-O-malonylglycitin).
and protein accumulation patterns has provided insight into their in vivo function.
Materials and methods

Identification of ESTs and isolation of full-length cDNAs
The DFCI soybean gene index database was searched by key words such as 'glycosyltransferase' for UGTs and 'malonyltransferase' or 'acyltransferase' for MTs. Several candidate ESTs were selected on the basis of their putative functions for both UGTs and MTs. The deduced amino acid sequences of selected ESTs for UGT were again searched for the presence of a PSPG box (WAPQVEVLAH-PAVGCFVTHCGWNSTLESISAGVPMVAWPFFADQ). A total of six TCs for UGT and 10 TCs for MT that were annotated as genes involved in the phenylpropanoid pathway, and were previously uncharacterized, were selected for further analysis. A 5# and 3# Rapid Amplification of cDNA Ends (RACE) was performed to obtain full-length cDNA using First Choice RNA Ligase Mediated (RLM)-RACE kit (Ambion Inc., Austin, TX, USA) according to the manufacturer's instructions. The RLM-RACE products were gel purified using a gel purification kit (Qiagen Inc., Mississauga, ON, Canada), cloned in pGEM Ò -T Easy Vector (Promega Corporation, Madison, WI, USA) and sequenced. The sequence information from RLM-RACE and an EST sequence were used to design primers to isolate full-length cDNA from soybean embryos. PCR was performed using platinum Taq polymerase (Invitrogen) and the products were cloned into pGEM Ò -T Easy Vector (Promega Corporation, Madison, WI, USA). The clones for both UGTs and MTs were sequenced and compared with the original TC and RLM-RACE products for any mismatch. Full-length cDNAs were obtained for three UGTs and partial sequences for three UGTs. The complete sequences for four MTs and partial sequence for six MTs were also obtained. The full-length sequences were searched for signal peptides using the signalP program.
Heterologous expression of recombinant UGTs and MTs
The fragments containing the coding region of UGTs and MTs were PCR amplified to incorporate XhoI/EcoRV sites for cloning in pET30a expression vector (Novagen, Ancaster, ON, Canada) and transformed in E. coli BL21 (DE3) cells. For heterologous expression of each candidate gene with an N-terminal His tag attached and vector control, bacteria from a fresh colony were grown overnight at 37°C in Luria-Bertani (LB) medium containing 100 lg ml À1 kanamycin. The cultures were grown at 37°C to an OD 600 of 0.4-0.6. Recombinant proteins were induced by the addition of isopropyl-b-D-thiogalactopyranoside to a final concentration of 0.4 mM for UGTs and 1 mM for MTs. The cultures were grown at 15°C for 18 h with shaking. Bacterial cells were collected by centrifugation and resuspended in lysis buffer. Lysis buffer for UGTs consisted of 500 mM potassium phosphate pH 7.2 and 0.1% Triton X-100. Similarly, the lysis buffer for MTs included 200 mM TRIS-HCl pH 8.0, 5 mM 2-mercaptoethanol and 0.1% Triton X-100. Lysozyme was added to a final concentration of 100 lg ml À1 and the cells were incubated at 30°C for 20 min followed by sonication on ice. Total protein concentrations were measured according to Bradford (1976) .
Glycosyltransferase and malonyltransferase enzyme activity assay
The activity assay for UGT was conducted as described by Richman et al. (2005) with some modifications. The amount of recombinant protein in the bacterial crude cell extract was quantified by Western blotting using anti-His antibody against a His-tagged SC24 standard (Dhaubhadel et al., 2005) . A total of 112 ng of recombinant protein contained in a crude cell lysate was used to initiate the reaction. The reaction mixture was incubated at 30°C for 16 h and terminated by adding 200 ll of water-saturated 1-butanol. The samples were extracted three times with watersaturated 1-butanol. The pooled butanol extracts were concentrated using vacufuge concentrator (Eppendorf, Mississauga, ON, Canada).
For MT activity, 100 ng of recombinant proteins in a total cell lysate was added to the reaction mixture containing 200 mM TRISHCl pH 8.0, 30 mM 2-mercaptoethanol, 2 mg ml À1 BSA, 120 lM of isoflavone glucoside substrates, 60 lM malonyl CoA, and 3 lM of [
14 C] malonyl CoA (Amersham Biosciences, Buckinghamshire, UK) to a total volume of 100 ll. The reaction mixture was incubated at 30°C for 30 min and terminated by adding 100 ll of ice-cold 0.5% trifluoroacetic acid. Equal volume of reaction products were spotted on a TLC plate and the samples were separated using chloroform:methanol:acetic acid as solvents at the ratio of 18.5:10.0:0.28 by vol., followed by exposure of the TLC plate to an imaging screen and visualization on a Molecular Imager Fx phosphoimager (Bio-Rad laboratories, Hercules, CA, USA). Standards were run under the same condition and visualized under UV light.
To determine apparent K m values, UGT and MT reactions were performed as described above with substrate concentrations ranging from 5-200 lM with no radiolabelled donor. The reaction mixtures were incubated at 30°C for 16 h for UGTs and 30 min for MTs, followed by HPLC analysis. K m values were determined from Lineweaver-Burk plots of initial rate data.
Analysis of isoflavone-glycosides and malonyl glycosides by LC-MS
For the determination of kinetic parameters for UGT73F2 and GmMT7 proteins, the reaction mixtures were frozen immediately after the reaction was completed and stored at -20°C. The LC-UV/ MS system consisted of an Alliance 2690 HPLC/autoinjector (Waters, Mississauga, ON), a model SPD-M6A Shimadzu diode array UV detector (Mandel Scientific, Guelph, ON), and a model LCT orthogonal time-of-flight mass spectrometer (Waters, Mississauga, ON). Samples of reaction mixtures (20 ll) were injected into a 100 ll loop attached to a Valco C10W 10-port valve (Chromatographic Specialties, Brockville, ON) configured to permit on-line trapping and washing of the sample on a 432 mm ID SecurityGuard C18 cartridge (Phenomenex, Torrance, CA) prior to chromatography on a 15032 mm, 5 lm particle Prodogy ODS (3) column (Phenomenex, Torrance, CA) with solvent flowing at 0.2 ml min
À1
. After switching the valve to connect the loop and the cartridge, the sample was transported to the cartridge and the cartridge washed with 100:0.1 (v/v) water-formic acid for 10 min at 0.2 ml min À1 . The valve was then switched to connect the cartridge and the analytical column and the system was eluted with a binary gradient. Solvent A was 90:10:0.1 (by vol.) water-acetonitrileformic acid and Solvent B was 10:90:0.1 (by vol.) wateracetonitrile-formic acid and the initial conditions were 100% A. The isoflavonoids of interest were eluted during a linear increase to 40% B over 20 min. The solvent composition was then linearly increased to 100% B by 25 min, held at this composition for 5 min and decreased to 0% B by 35 min. The UV and MS detectors were connected in series to the column and separated by a second Valco C10W 10-port valve configured to permit diversion of the column flow from the MS and its replacement with 50:50:0.1 (by vol.) water-acetonitrile-formic acid at 0.2 ml min À1 . UV data (200-450 nm) was collected during the entire 35 min. MS data (85-1500 m/z) was collected for 25 min. The column flow was diverted from the MS after the components of interest had been detected to avoid unnecessarily contaminating the ion source. The MS ion source was equipped with a standard nebulizer-assisted electrospray probe, which was operated in positive ion mode with nitrogen as desolvation gas at 350°C flowing at 460 l h À1 and a potential of 2.7 kV applied to the capillary with the sample cone at 20 V. The MS was calibrated using a mixture of polyethylene glycols.
Transcript profiling using EST database, RNA isolation, and RT-PCR analysis The UGT73F2 and GmMT7 sequence was used to search DFCI soybean gene index (http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/ Blast/index.cgi) by BLASTN. Transcripts matching UGT73F2 and GmMT7 were categorized according to the source cDNA library and the tissue type. The frequency of ESTs matching the UGT73F2 and GmMT7 cDNA sequences was calculated separately for their corresponding source cDNA library.
Total RNA was isolated from soybean tissues using the protocol of Wang and Vodkin (1994) . RNA samples were treated with DNase I (Promega, Madison, WI) at 37°C for 30 min prior to RT-PCR. DNase I-treated RNA samples were further purified by phenol:chloroform extraction 3:1 (v/v), precipitated with ethanol and checked on ethidium bromide gel to ensure equal loading. RT-PCR reactions were performed using Thermoscriptä RT-PCR system (Invitrogen) according to the manufacturer's instructions. Primer sequences for PCR were as follows: For UGT73F2, GT6F 5#-CCCCGATATCATGGATCTTCAACAACGAC-3# and GT6R 5#-CCCCCTCGAGGTTAGTAAGTAAATCTGT-3#; for GmMT7, MT7F1 5#-CCCCGAATTCATGGCAGAGACACCAACC-3# and MT7R1 5#-CCCCCTCGAGGTTCCTCTCGTGACACAC-3#.
Antibody production and western blot analysis
Since both rUGT73F2 and rGmMT7 proteins were found predominantly in inclusion bodies, these proteins were gel purified for the purpose of antibody production in 20 mM TRIS-HCl pH 7.5 and 150 mM NaCl. The protein concentration determined by the Bradford (1976) assay and checked for their purity by running an aliquot of protein on SDS-PAGE.
Antibodies were raised in two rabbits for each of the recombinant proteins. The rabbits were bled to collect control serum prior to immunization. Purified rUGT73F2 and rGmMT7 with His-tag (200 lg) was mixed 1:1 (v/v) with complete Freund's adjuvant and injected into rabbits. Booster injections of both the recombinant proteins with incomplete Freund's adjuvant were performed 14, 45, and 60 d after the first injection. Antiserums to rUGT73F2 and rGmMT7 (a-UGT73F2 and a-GmMT7) were collected on days 24, 45, and 60, and stored at -80°C.
For western blot analysis, total soluble protein extraction and quantitation from soybean tissues were carried out as described in Dhaubhadel et al. (2005) . For microsome isolation, leaf and embryo (60 DAP) tissues (3 g) were ground to a fine powder with 0.5% polyvinylpyrrolidine and mixed with ice-cold extraction buffer containing 0.1 M potassium phosphate buffer pH 7.5, 0.4 M sucrose and 14 mM b-mercaptoethanol. The extract was centrifuged at 10 000 g for 15 min at 4°C. Supernatant was filtered through Miracloth (Calbiochem, EMD Biosciences, USA) and the filtrate was subjected to ultracentrifugation at 1 000 000 g for 1.5 h at 4°C. The pellet was washed with a buffer containing 0.1 M potassium phosphate buffer pH 8.0, 0.4 M sucrose, and 3.5 mM bmercaptoethanol and resuspended in the same buffer. The protein concentration in the pellet and supernatant fractions were determined by the Bradford assay. Equal amount of proteins (15 lg) in each lane were separated on 7.5% SDS-PAGE according to Laemmli (1970) and transferred on to a PVDF membrane using a semi-dry electroblotting device (Bio-Rad Ltd, Mississauga, Canada). Pre-immune serum was used to check if there was any cross reactivity. UGT73F2 and GmMT7 proteins were detected by sequential incubation of the blot with a-UGT73F2 or a-GmMT7 and horseradish peroxidase (HRP)-conjugated anti-rabbit IgG, with a dilution of 1:1000 and 1:10000, respectively, followed by the chemiluminiscent detection (ECL system, Amersham Biosciences).
Plasmid construction GFP fusions with UGT73F2 and GmMT7 encoding regions were created using bridging PCR with partially overlapping primers in a two step PCR reaction. A forward primer containing a restriction site was designed at the 5# end of the primers to assist cloning into plant transformation vectors. UGT73F2 and GmMT7 cDNA sequences were amplified using the 5# gene specific primer and a reverse primer containing the first 15 nt of smGFP coding region fused in frame with the last 15 nt of UGT73F2 or GmMT7 coding regions. In a separate PCR reaction, smGFP was amplified using a forward primer containing the last 15 nt of UGT73F2 or GmMT7 coding region followed by the first 15 nt of smGFP coding region sequence with a reverse primer containing an EcoRI restriction site at the 3# end of smGFP. A final PCR reaction using the products from both of the above PCR reactions along with the BamH1 forward primers and the EcoRI reverse primers created the fragments containing UGT73F2 or GmMT7 fused with GFP in frame. Overlapping primers were used in high fidelity PCR to add the 5# ER signal and the 3# KDEL ER retention signal to the GFP sequence. The GFP sequence was amplified from the psmGFP vector (Davis and Vierstra, 1998 ) using a forward primer introducing a BamHI restriction site at the 5# end and an EcoRI restriction site at the 3# end.
Fusion products and GFP alone were cloned into pGEMT-Easy (Promega, USA) and sequenced to confirm the sequence integrity, followed by cloning into a binary vector pCAMterX to produce pCAMter-GFP, pCAMter-ER-GFP, pCAMter-UGT73F2-GFP, and pCAMter-GmMT7-GFP. Each plasmid DNA was transformed into Agrobacterium tumefaciens strain EHA105 via electroporation.
Subcellular localization of UGT73F2 and GmMT7
The transient expression of GFP fusion proteins was performed in tobacco plants via leaf disc infiltration. A single colony of A. tumefaciens containing the construct of interest was selected and grown at 28°C in a shaker to a stationary phase in liquid LB media containing 50 lg ml À1 kanamycin and 10 lg ml À1 rifampicin. For inoculation, 1 ml of the bacterial cells was pelleted and resuspended in the infiltration medium (0.5% glucose w/v, 50 mM MES pH 5.6, 2 mM Na 3 PO 4 , 100 lM acetosyringone) bringing the OD 600 to 0.6-0.7. The Agrobacterium cells containing different constructs were infiltrated by injecting the bacterial cells into the abaxial epidermal surface of a tobacco leaf with a syringe. The plant was then incubated at room temperature for 3-4 d. For observation, a small piece of the infected leaf tissue was cut out and mounted in water followed by confocal microscopy. Imaging of GFP and GFP fusion proteins was performed by a Leica TCS SP2 inverted confocal microscope using a 633 water immersion objective and Leica Confocal software. Serial optical sections of 0.5-2 lm were obtained using an excitation wavelength of 488 nm, and emisions were collected between 500 nm to 560 nm.
Results
Isolation of candidate UGT and MT cDNAs
The DFCI Soybean Gene Index database contains more than 330 000 ESTs and 31 000 tentative contigs (TC) was used as a source to identify potential isoflavonoid specific UGTs and MTs (http://compbio.dfci.harvard.edu/tgi/cgibin/tgi/gimain.pl?gudb¼soybean). A keyword search of the database was used to identify 175 TCs for UGTs and 43 TCs for MTs as candidate sequences (see Materials and methods). A total of six candidate TCs for UGTs and 10 candidate sequences for MTs that were previously uncharacterized, were selected based on their annotations as phenylpropanoid UGTs or MTs. Two of the TCs for MT had full-length cDNA sequences. The full-length cDNAs for three candidate UGTs and four MTs genes could be obtained using RLM-RACE (Table 1) .
Recombinant protein production and enzyme activity assay
The full-length candidate UGTs and MTs were cloned into expression vectors and expressed heterologously in Escherichia coli cells. A large amount of the recombinant protein for both groups of transferases accumulated in insoluble fractions. However, a small amount of recombinant protein was detected in the soluble fraction by western blotting analysis using an anti-histidine tag antibody (data not shown). The concentration of recombinant protein in the soluble fraction was determined by comparing the signal obtained by western blotting analysis of recombinant protein with a known concentration of histidine-tagged SC24 protein as a standard (Dhaubhadel et al., 2005) . The activities of the recombinant UGT proteins were tested using UDP-[ 14 C] glucose as the sugar donor and daidzein, glycitein, and genistein as acceptor aglycones. Similarly, the activities of the recombinant MT proteins were tested using malonyl CoA as the malonyl donor and daidzin, glycitin, and genistin as acceptor molecules. Incorporation of radiolabel into the product was determined qualitatively by TLC. These results are shown in Fig. 2 . Among several UGT and MT recombinant proteins used in our study, only recombinant UGT6-1 showed activity towards isoflavone aglycones and was able to transfer radiolabelled sugar to isoflavone aglycones; this was re-named as UGT73F2, to follow the standard UGT nomenclature. A substitution mutation at amino acid 280 from glutamic acid to glycine completely abolished UGT73F2 enzymatic activity (data not shown). Among MTs, only recombinant GmMT7 (rGmMT7) exhibited activity towards isoflavone glyco-conjugates. The reaction products were compared with the authentic standards.
HPLC and LC-MS analysis of reaction products
The TLC results of the rUGT73F2 and rGmMT7 reaction products were further verified by HPLC and LC-MS analysis. Measurement of the reaction products from rUGT73F2 and isoflavone aglycones by HPLC was identical to the authentic standards with regard to retention time and UV spectra ( Fig. 3C-E) . Soybean seed extracts were also analysed by HPLC and the peak identities of the malonyl derivatives present were confirmed by hydrolysis to their glycosides (Dhaubhadel The identified isoflavone malonyl glyco-conjugates in these extracts were then used as standards to identify the GmMT7 reaction products by HPLC. Among four candidate rMTs tested, only rGmMT7 showed malonyltransferase activity with isoflavone glycosides converting daidzin, glycitin, and genistin to malonyldaidzin, malonylglycitin, and malonylgenistin, respectively ( Fig. 3F-H) . The molecular masses of both rUGT73F2
and rMT7 reaction products were verified by LC-MS analysis.
The substrate specificity and kinetic properties of rUGT73F2 and rGmMT7 were also determined using HPLC. A wide range of phenolic acceptors were tested, together with donor molecules and the recombinant proteins as shown in Table 2 . The substrate preference for rUGT73F2 was as follows: genistein > glycitein > biochanin A > daidzein> liquiritigenin > naringenin > apigenin > formononetin. No reaction products were detected with quercetin or with salicylic acid as acceptors. The specific activity for genestein was 15 nkatal mg À1 protein. Both donor and substrate specificity was determined for rGmMT7. Three different acyl CoAs were tested for their donor specificity using daidzin as an acyl acceptor. The results demonstrated a high specificity of rGmMT7 towards its acyl donor, since only malonyl CoA was able to function in this capacity. Among the various glycoside substrates, rGmMT7 was most specific to daidzin with the specific catalytic activity of 270 nkatal mg À1 protein, followed by glycitin and genistin. Less than a For the relative activities of acyl donors (final concentration, 60 lM) and acyl acceptors (final concentration, 120 lM), the specific activity with malonyl CoA and daidzin was considered to be 100%. For glucose accepters (final concentration, 50 lM), the specific activity with genistein was taken to be 100%. Assay conditions are described in the Materials and methods. The relative activities were determined from the signal intensities, assuming that the extinction coefficient of the product was the same as that of the substrate. nd, Not detectable. 40% relative activity was detected with the other flavonoid glycosides tested for rGmMT7 activity.
The kinetic parameters for rUGT73F2 and rGmMT7 were determined using UDP-glucose as the sugar donor, and daidzein, glycitein or genistein as sugar acceptors and malonyl CoA as the acyl donor, and daidzin, glycitin or genistin as acyl acceptors, respectively. The V max was not calculated since saturating conditions for some of the reactions could not be attained due to limited substrate solubility. The apparent K m values were identified based on the Lineweaver-Burk plot ( Table 2 ). The results showed that rUGT73F2 and rGmMT7 had the highest affinity for glycitein and glycitin, respectively.
Expression analysis of UGT73F2 and GmMT7
As an initial step to investigate the expression patterns of soybean UGT73F2 and GmMT7 genes, ESTs present in the DFCI Soybean Gene Index database were probed for sequences revealing similarities to UGT73F2 and GmMT7. Nucleotide sequences corresponding to these two transferases were used separately in BLASTN searches (Altschul et al., 1997) of 330 436 soybean ESTs (http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/Blast/ index.cgi) originating from more than 80 different cDNA libraries (Shoemaker et al., 2002) . The search resulted in four matching ESTs for UGT73F2 and 21 matching ESTs for GmMT7 from 18 different source cDNA libraries. These EST data were pooled according to the tissue type of the source cDNA library. The results shown in Fig. 4A and B demonstrate that UGT73F2 was most represented in the cDNA libraries constructed from immature cotyledons, infected tissues, and roots, whereas GmMT7 was most prevalent in the cDNA libraries constructed from stressed tissues and roots. A detailed transcript analysis using an RT-PCR approach with gene-specific primers from RNA isolated from the soybean cultivar Harosoy63 showed that UGT73F2 transcripts accumulated in pods, embryos, flower buds, flowers, pod walls, early leaf, and early to mid-seed coat tissues. No UGT73F2 transcript accumulation was detected in seed coat tissue 50 d after pollination (DAP) and root tissues. Similarly, GmMT7 . Proteins (15 lg) were separated on SDS-PAGE and transferred to PVDF membrane by electroblotting. UGT73F2 or GmMT7 proteins were detected by sequential incubation of the blot with a-UGT73F2 or a-GmMT7 antibody and anti-rabbit IgG conjugated to horseradish peroxidase, followed by chemiluminescent reaction (ECL system, Amersham Biosciences). . Phylogenetic analysis and alignment of the deduced amino acid sequence of UGT73F2 with other UGTs. (A) ClustalW alignment of the three isoflavonoid specific UGT73F2 (this study, G. max), UGT73F1 (accession number BAC78438, G. echinata), and UGT88E3 (accession number BAF64416, G. max). ClustalW alignment results were imported to the BOXSHADE 3.21 program to obtain the shading of the multiple alignment output. Identical amino acids are shown in the dark box and similar amino acids are indicated by the grey box. The mutated site is shown with an asterisk. The conserved PSPG boxes in all three sequences are marked by the black line on the top. (B) Phylogenetic tree of UGT73F2 with UGTs from other species. The unrooted tree was constructed using ClustalW alignment in MegAlign Program (Laser gene, DNAStar) and Treeview (Page, 1996) . The positions of three isoflavonoid-related UGTs in the tree are indicated by circles. Accession numbers of the UGTs used for the alignment transcript accumulated to a high level in embryos, flowers and pod wall tissues (Fig. 4C) .
To measure UGT73F2 and GmMT7 protein accumulation in different soybean tissues and during seed development, polyclonal antibodies raised against rUGT73F2 and rGmMT7 were used to assay equal amounts of soluble protein extracts from different soybean plant parts by western blotting analysis. The results indicated that UGT73F2 was present in comparable levels in embryo tissues from early to late seed maturity stages (before seed desiccation). The UGT73F2 protein was present in all soybean tissues examined except for flowers and leaves at the late stages of development. There was a high accumulation of UGT73F2 in pods, flower buds, and younger leaf tissues. By contrast, the accumulation of GmMT7 was most pronounced in embryos throughout their development. A low amount of GmMT7 was present in leaf tissue, but it was undetectable in other tissues studied as shown in Fig. 4D . Both the antibodies recognized proteins of slightly higher molecular masses. This cross-reactivity could be due to a structural similarity between UGT73F2 and GmMT7 with other UGT or MT, respectively, or there may be some smaller proteins interacting with these transferases.
Sequence analysis and phylogeny of UGT73F2 and GmMT7
The full-length UGT73F2 cDNA sequence of 1569 bp was predicted to encode a protein of 476 amino acid residues with a calculated molecular mass of 53.2 kDa and a pI of 6.42. The carboxyl terminal of the protein contained the plant secondary product glycosyltransferase (PSPG) box signature motif (Fig. 5A) . The UGT73F2 protein showed 63% amino acid identity with UGT73F1 from Glycyrrhiza echinata (Nagashima et al., 2004) and 24% amino acid identity with GmIF7GT (UGT88E3) isolated from roots of soybean seedlings (Noguchi et al., 2007) . A phylogenetic analysis of UGT73F2 in comparison with UGTs from other plant species also grouped UGT73F2 together with the UGT73F1 (Fig. 5B) .
The full-length cDNA sequence for GmMT7 (1404 bp) encoded an open reading frame comprising 467 amino acid residues with a calculated molecular mass of 51.737 kDa and a pI of 5.98. The primary protein structure analysis revealed the presence of an N terminus HXXXDG motif and a C terminus DFGWGKP motif, suggesting that GmMT7 is a member of the BAHD family of acyltransferases (St-Pierre and De Luca, 2000) . A third conserved motif specific to the anthocyanin acyltransferase (YFGNC motif) was also found in the middle of the GmMT7 protein sequence. The deduced amino acid sequence of GmMT7 showed the highest sequence similarities to two GmIF7MaT from soybean roots (99% identity, accession no. BAF73620; 86% identity, accession no. BAF73621), two unknown sequences from Medicago truncatula (42% and 41% identity, accession no. ABE91262 and ABE91277, respectively), and an anthocyanin acyltransferase-like protein from Arabidopsis (38% identity, accession no. BAB10831). Phylogenetic analysis showed that GmMT7 is a member of clade I of the BAHD superfamily (Fig. 6) .
Analysis of UGT73F2 and GmMT7 sequences for the N-terminal targeting signal or the C terminal membrane anchor signal using SignalP and TMHMM web-based programs predicted both the proteins to be non-secretory with an absence of predicted signal peptides or transmembrane signals (Nielsen et al., 1997; Krogh et al., 2001) . Nucleotide sequence analysis of genomic DNA revealed the presence of a single intron (437 bp) in GmMT7 (accession no. EU192928); whereas UGT73F2 DNA sequence had no introns. Southern blotting analysis of the restriction fragments from soybean genome DNA using full-length UGT73F2 or GmMT7 cDNA as a probe indicated a single copy of UGT73F2 and more than one copy of GmMT7 in the soybean genome (data not shown).
Both UGT73F2 and GmMT7 are cytosolic proteins
The in vivo subcellular localization of UGT73F2 and GmMT7 were determined by creating GFP fusion proteins and monitoring their transient expression in tobacco epidermal cells. Both UGT73F2-GFP and GmMT7-GFP fusions showed characteristics of a cytoplasmic location. Comparison of UGT73F2-GFP and GmMT7-GFP fusions with the ER targeted GFP control verified that these transferases may not be localized to the ER. Although it is known that GFP can accumulate in the nucleus by crossing through the nuclear pores (Grebenok et al., 1997) , the much larger size of the fusion proteins were not expected to pass through the nuclear pores. Our results show that untargeted GFP produced extremely bright fluorescing nuclei compared to fluorescence of the cytoplasm, whereas the UGT73F2-GFP and GmMT7-GFP fusions showed relatively lower or similar intensity of the fluorescence in the nucleus compared to the cytoplasm (Fig. 7A-E). are: UGT73F2 from G. max seeds (this study); UGT73F1 from G. echinata (BAC78438); UGT88E3 from G. max roots (AB292164); Cm1,2RhaT from Citrus maxima (AAL06646); UGT85C2 from Stevia rebaudiana (AAR06916); UGT74G1 from S. rebaudiana (AAR06920); NtG2 from Nicotiana tabacum (BAB88935); 5-GT from Perilla frutescens (BAA36421); UGT from Hordeum vulgare (CAA33729); UFGT from Vitis vinifera (AAB81682); anthocyanidin 3-O-glycosyltransferase from Petunia3hybrida (BAA89008); cis-zeatin O-glycosyltransferase 2 from Zea mays (AAL92460); ZOG1 from Phaseolus lunatus (AAD04166), and ZOX1 from Phaseolus vulgaris (AAD51778).
The presence of these transferases in the soluble fraction was further confirmed by cellular fractionation of total proteins from leaf and embryo (60 DAP) tissues into soluble and membrane fractions followed by western blot analysis. The results revealed that both UGT73F2 and GmMT7 were only present in the soluble fraction (Fig. 7F ).
Discussion
To manipulate the level of isoflavonoid accumulation in plants an in-depth knowledge of the biosynthesis of these metabolites is necessary. In addition, it is clear that the proper conjugation and compartmentalization of natural products requires special attention. In soybean seeds, most of the isoflavonoids are accumulated in the form of their glycosyl and malonyl derivatives. The introduction of isoflavonoids into any plant species can theoretically be achieved by transformation with a single enzyme, IFS.
The cDNAs encoding IFS have been cloned from soybean and other species (Akashi et al., 1999; Steele et al., 1999; Jung et al., 2000) , and have been introduced into Arabidopsis thaliana, a plant that normally does not produce isoflavonoids (Liu et al., 2002) . Introducing soybean IFS into A. thaliana resulted in the accumulation of low levels of genistein glycosides. The formation of isoflavone glycosides in transgenic Arabidopsis probably arose from the activity of non-specific UGTs, since these enzymes may exhibit general regio-specificity rather than tight substrate specificity (Lim et al., 2003) . Since the catalytic activity of these UGTs varies depending upon the available substrate, a more specific UGT is required for the accumulation of particular glycosides. In the present study, a functional genomic approach was followed to identify isoflavonoid specific UGT73F2 and GmMT7 cDNAs from soybean seeds. By tracing the mRNA and protein accumulation of UGT73F2 and GmMT7 in various soybean organs throughout development, it is shown that Fig. 6 . Phylogenetic analysis of GmMT7 with other BAHD family acyltransferases. The unrooted tree was constructed using a ClustalW alignment in the MegAlign Program (Laser gene, DNAStar) and Treeview (Page, 1996) . The tree was grouped into five different clades as indicated (I, II, III, IV, and V). Accession numbers of the acyltransferases used to generate the tree are: GmMT7 from Glycine max seeds (this study); GmIF7MaT from G. max roots (BAF73620); 5AT from Gentiana triflora (Q9ZWR8); Dm3MaT1 from Chrysanthemum3morifolium (AAQ63615); SsMaT1 from Salvia splendens (AAL50565); Pf5MaT from Perilla frutescens (AAL50566); NtMAT1 from Nicotiana tabacum (BAD93691); Lp3MAT1 from Lamium purpureum (AAS77404); CER2 from Arabidopsis thaliana (AAM64817); Glossy2 from Zea mays (CAA61258); DBNTBT from Taxus canadensis (AAM75818); CHAT from A. thaliana (AAN09797); NtBEBT from N. tabacum (AAN09798); AMAT from Vitis labrusca (AAW22989); HQT from Solanum lycopersicum (CAE46933); ACT from Hordeum vulgare (AAQ73071); DAT from Catharanthus roseus (AAC99311); Vinorine synthase from Rauvolfia serpentine (CAD89104); CbBEAT from C. breweri (AAC18062), and SalAT from Papaver somniferum (AAK73661).
both of these genes are expressed abundantly in seeds. The enzymatic activity of heterologously expressed UGT73F2 and GmMT7 provided evidence demonstrating the biochemical function and substrate specificity of the recombinant enzymes.
The soybean UGT73F2 protein belonged to glycosyltransferase family 1, as do most of the UGTs involved in plant secondary metabolism. This protein possessed a PSPG box with conserved sequence of ;45 amino acid residues and it showed specificity towards isoflavone aglycones. Two other cDNAs encoding isoflavonoid specific UGTs, UGT73F1 and UGT88E3, have recently been identified from G. echinata cell suspension cultures (Nagashima et al., 2004) and from the roots of soybean seedlings (Noguchi et al., 2007) , respectively. Sequence analysis showed UGT73F2 is most closely related to UGT73F1 from G. echinata and belongs to the same clade of the phylogenetic tree (Fig. 5B) . However, these enzymes differ considerably in their substrate specificities. UGT73F2 demonstrated highest activity towards isoflavonoid genistein followed by glycitein. Formononetin was a poor substrate for UGT73F2. In contrast, formononetin and daidzein were the most suitable substrates for UGT73F1 (Nagashima et al., 2004) . Although UGT88E3 was isolated from soybean, its relative activity towards formononetin and daidzein was similar to UGT73F1. By contrast, the phylogenetic analysis revealed that UGT88E3 was distantly related to both UGT73F1 and UGT73F2. This observation is consistent with past suggestions that UGT function and specificity are not predictable based on sequence information alone (Modolo et al., 2007) . Prediction of UGT function could be aided by tissue-specific expression data together with metabolite profiles. Analysis of in vitro substrate specificity obviously provides strong evidence for functionality (Modolo et al., 2007) . A comparative study of isoflavonoid content in various tissues from soybean has previously been conducted and it was found that mature embryos accumulate the highest level of isoflavonoids compared to other tissues (Dhaubhadel et al., 2003) . The in vitro substrate specificity of UGT73F2 towards isoflavone aglycones, the abundance of its corresponding transcript, and the protein accumulation in reproductive tissues support the hypothesis that the enzyme functions in vivo as an important component of the isoflavonoid biosynthetic pathway in soybean.
The subcellular localization study of UGTs from various plant species have suggested cytosolic (Yazaki et al., 1995; Achnine et al., 2005) , vacuolar (Anhalt and Weissenböck, 1992) , endomembrane (Ibrahim, 1992) or cytochrome P450s-associated ER (Jones and Vogt, 2001) location. Since IFS is the preceding enzyme in the isoflavonoid biosynthetic pathway, and IFS is assumed to be a membrane-bound cytochrome P450, it was speculated that UGT73F2 may be fully or weakly associated with the membrane as well. Based on the analysis of UGT73F2-GFP fusion protein localization, it appears that UGT73F2 is a soluble cytoplasmic enzyme. The detection of UGT73F2 accumulation in the soluble protein fraction provided further supporting evidence for a soluble enzyme (Fig. 7) .
The mechanism and specificity of PSPG catalysed effects has been illustrated by recent crystallographic studies of PSPGs from Medicago truncatula (Shao et al., 2005) and Vitis vinifera (Offen et al., 2006) , along with the work on site-directed mutagenesis of these enzymes (He et al., 2006) . These studies have pointed out an Nterminal histidine residue that is highly conserved among UGTs that may act as a key catalytic residue. The His residue is proposed to activate the hydroxyl group of the glycosyl acceptor to facilitate glycosydic linkage formation. Another well-conserved Asp residue, downstream to the His residue, is hydrogen bonded with the His residue and is believed to help during catalysis. The UGT73F2 protein possesses each of these conserved residues and may follow the proposed mechanism of catalysis. During the cloning of UGT73F2, a sequence-altered version was isolated from PCR reaction products in which the glutamic acid residue at position 280 of the ORF was changed to glycine, thus producing an E280G mutant. This single amino acid substitution completely abolished the enzymatic activity of UGT73F2. These observations indicate that Glu-280 plays a critical role for maintaining functionality of the enzyme. This Glu-residue is well conserved among UGTs, however, its role in UGT73F2 catalysis is not yet clear.
During the preparation of this manuscript, Suzuki and colleagues (2007) independently reported the cloning of isoflavone 7-O-glucoside-6$-O-malonyltransferase (GmIF7MaT) from soybean roots using an homologybased strategy. The GmIF7MaT ORF differs by a single amino acid (W240R) from GmMT7 presented in this paper and could be an allele of the same gene. GmMT7 exhibited highest activity towards daidzin (270 nkatal mg À1 protein) and demonstrated very high specificity towards soybean isoflavone glycosides ( Table 2 ). The apparent K m values were comparable (in lM range) to other flavonoid glycoside specific malonyltransferases (Suzuki et al., 2002; Luo et al., 2007) , however, the differed from GmIF7MaT by one order of magnitude. The differences may be due to differences in the assay conditions, as well as differences in the activities of two enzymes. Similar to GmIF7MaT, GmMT7 showed very narrow selectivity for its acyl donor, accepting nothing except malonyl CoA. The results from both cell fractionation studies and GFP fusions strongly suggested that GmMT7 is a cytoplasmic enzyme. This is consistent with the fact that GmMT7 accumulation was detected in total soluble protein extracts using antibody raised against GmMT7. These results are congruent with previous findings that BAHD family members are localized to the cytosol (D'Auria, 2006) . Taken together with results from past studies (Yu and McGonigle, 2005) , the current understanding of the spatial organization of the isoflavonoid pathway in soybean is summarized in Fig. 8 .
The transcript accumulation analysis revealed that although GmMT7 was expressed in most of the tissues in soybean including roots, its expression was highest in embryos and flowers. In contrast, GmIF7MaT was reported to be expressed in lower amounts in seeds and pod tissues as compared to root, stem, and leaf tissues. A large amount of GmMT7 protein accumulated in the embryo tissues throughout seed development. Previous work has shown that IFS expression and isoflavonoid Fig. 8 . Subcellular organization of enzymes involved in isoflavonoid biosynthesis. Schematic diagram of a plant cell showing phenylpropanoid enzymes involved in the isoflavonoid branch of the pathway. IFS was shown to be located on the ER which produces the isoflavone aglycone substrates (1) for cytoplasmically located UGT73F2 resulting into the production of isoflavone glycosides (2), followed by malonylation of the isoflavone glycosides by cytoplasmically located GmMT7 giving rise to isoflavone malonyl glycosides (3). The isoflavone conjugates go to the vacuole for storage. product accumulation are comparatively low in the early stages of embryo development and reach maximum levels during the final stages of seed maturity (Dhaubhadel et al., 2003 (Dhaubhadel et al., , 2007 . Thus, the expression of UGT73F2 and GmMT7 somewhat preceded IFS expression and isoflavonoid accumulation, but the significance or reason for these differences is not clear. The accumulation of mRNA for both UGT73F2 and GmMT7 did not show direct correlation with the corresponding protein in a particular tissue type. These results suggest a tissue-specific post-transcriptional regulation of these genes. However, the possibility of these transferases being more stable in certain soybean tissues compared to other tissues can not be ruled out.
In conclusion, UGT73F2 and GmMT7 are the two transferases involved in glycosylation and malonylation of soybean isoflavonoids, respectively. The results obtained in the present study clearly demonstrate the specificity of these two enzymes towards isoflavonoid substrates. The enzymes and the corresponding genes may serve as a valuable tool in manipulating isoflavonoid accumulation in soybean seeds or metabolic engineering of the pathway leading to isoflavonoid production in non-legumes. Further work is required to determine whether naturally occurring variation in the sequence or regulation of UGT73F2 or GmMT7 may constitute a mechanism for controlling isoflavonoid synthesis and accumulation. Regardless, the positive identification of the genes controlling the final two steps of the isoflavonoid biosynthetic pathway is an important advance, given that malonylated products are the most abundant forms of isoflavonoids in soybean seeds.
